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T h e  o r i g i n a l  d u r a t i o n  of t h i s  g r a n t  was two y e a r s  from September I ,  

1963 io August 31, 1965. 

t a n c e i a n d  t h e  d e l a y  i n  t h e  procurement o f  expe r imen ta l  v i s c o s i t y  and 

thermal  c o n d u c t i v i t y  d a t a  on para-hydrogen from t h e  Nat iona l  Bureau of 

However, t h e  l a c k  of g r a d u a t e  s t u d e n t  a s s i s -  

S t a n d a r d s  a t  Boulder ,  Colorado  n e c e s s i t a t e d  t h e  e x t e n s i o n  of t h i s  g r a n t  

to August 31, 1967. 

During t h i s  p e r i o d ,  pub1 i s h e d  expe r imen ta l  i n f o r m a t i o n  and  p a r t i c u -  

l a r l y  t h a t  o f  t h e  Nat iona l  Bureau of S t a n d a r d s  was u t i l i z e d  to  c o n s t r u c t  

reduced d e n s i t y  p l o t s  f o r  para-hydrogen. T h i s  i n f o r m a t i o n  w i t h  t h e  a t -  

mospheric p r e s s u r e  h e a t  c a p a c i t y  l i n e  p e r m i t t e d  t h e  e s t a b l i s h m e n t  of 

e n t h a l p y  and  e n t r o p y  c h a r t s  for t h i s  s u b s t a n c e .  

The o n l y  a v a i  lab1  e exper imenta l  v i s c o s i t y  data  for para-hydrogen, 

o b t a i n e d  by t h e  Nat iona l  Bureau o f  S t a n d a r d s  a t  Soulder, Colorado (10) was 

u t i l i z e d  to  p roduce  a reduced v i s c o s i t y  c o r r e l a t i o n  for t h e  gaseous  and  

l i q u i d  s t a t e s  a t  c r y o g e n i c  c o n d i t i o n s .  T h i s  c o r r e l a t i o n  i n  c o n j u n c t i o n  

w i t h  i n f o r m a t i o n  a v a i l a b l e  for normal hydrogen was t h e n  used to  g e n e r a t e  

a reduced v i s c o s i t y  c o r r e l a t i o n  a p p l i c a b l e  to  h i g h e r  t empera tu res  and 

p r e s s u r e s .  

S i n c e  expe r imen ta l  thermal  c o n d u c t i v i t i e s  for para-hydrogen i n  t h e  

d e n s e  gaseous  and  l i q u i d  states are  n o t  y e t  a v a i l a b l e ,  i t  became n e c e s s a r y  

to  a t t e m p t  t h e  p r e d i c t i o n  of t h i s  t r a n s p o r t  p rope r t a  u s i n g  t h e  t h e o r e t i c a l  
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approach of Evkog. I n  conjunction w i t h  th is ,  the v i scos i t y  and s e l f -  

d i  f f us i vd t y  behavior were a 1 so es t ima ted . 
THERMODYNAMIC PROPERTIES OF PARA-HYDROGEN 

I I 
The.extensive experimental PVT studies o f  the National Bureau of 

Standards include data f o r  the saturated vapor and l i q u i d  densi t ies (22), 

f reezing 1 i q u i d  densi t ies (IS), and the comprehensive superheated densi t ies 

up to temperatures o f  100°K and pressures o f  350 a t m  (14). 

I n  t h i s  inves t iga t ion  the fol lowing physical constants f o r  p-hydrogen 

have been accepted: 

T = 32.976 5 0.015"L  

P = 12.759 ;;r 0.028 atm 

C 
C r i t i c a l  Point  (22) : 

C 

= 0020T559 5 0.00005 9-moles/cm 3 
Pc 

Tt 

Normal Bo i l i ng  Point (16,28): T,,- = 20.268"K 

= 13 803°K 

Molecular Weight (22): M = 2.01572 

The PVT informat ion has been u t i l i z e d  to  construct the reduced den- 

Pt = 52.8 mm Hg . - T r i p i e  Point  (16,22): 

s i t y  cor re la t ion  presented i n  Figures 1 and 2. Figure 1 u t i l i z e s  r e c t i -  

l i nea r  coordinates and i s  more convenient f o r  representing the high densi ty 

region, whereas Figure 2 best represents t h i s  proper ly i n  the low densi ty 

region. 

The thermal data used include the experimental measurements f o r  the 

heat capacity o f  the saturated s o l i d  (5,17,20), the heat o f  fusion a t  the 

t r i p l e  po in t  (29), the heat capacity of  the saturated l i q u i d  ( S O ) ,  and the 

calculated heat capacity a t  constant pressure o f  gaseous p-hydrogen a t  1 ' 

atm (23). 

hydrogen from the t r i p l e  po in t  t o  the c r i t i c a l  po in t  fnq the Clapeyron 

equation using the avai lab le vapor pressure data (1,16,28) and saturated 

densi ty measurements (22). 

Latent heats o f  vaporization, h, were ca lcu lated (7) for  p-  

r .  



The e f f e c t  o f  pressure on the enthalpy an5 entropy fol lows from con- 
I 

ventional thermodynamic re la t ionships t o  be as fo l lows: 

To ca lcu la te  the necessary p a r t i a l  de r i va t i ,  

o f  Figures-L and 2 were numerical l y  d i f f e r e n t i a t e d  by f i t t i n g  a second 

degree orthogonal polynomial through a se t  o f  f i v e  points, the po in t  o f  

i n te res t  being the central  po in t  o f  the set .  

The reference s ta te  was selected t o  be the s o l i d  s ta te  a t  T = 0°K 

where S = 0 &tu/\b’s and H-H,” = 0 hb\/\h. For these thermodynainic calculat ions,  

experimental vapor pressures (22) were used t o  ca lcu late l a ten t  heats o f  

vaporization. I n  t h i s  regard, the constants o f  the Frost-Kalkwarf vapor 

pressure equation (13) were establ ished t o  defi’ne the vapor pressure be- 

havior o f  para-hydrogen between the t r i p l e  po in t  and the c r i t i c a l  po in t  

as f o l  lows : 

where P i s  the vapor pressure i n  m i  1 1  imeters o f  mercury and T represents 

the absolute temperature i n  degrees Kelv in.  Deta i ls  concerning the es- 

tablishment o f  these constants and the l a t e n t  heats o f  vapor izat ion over 

the complete l i q u i d  range can be found 

the required ca lcu lat ions f o r  en tha lp i  and entropy can be found elsewhere 

(8). The f i n a I  enthalpy and entropy p lo t s  f o r  so l id ,  l i qu id ,  and gaseous 

elsewhere (9). The de ta i l s  o f  

para-hydrogen are  presented i n  Figures 3 and 4, respect ively.  

TRANSPORT PROPERTIES 

The v isco5 i ty  measurements on para-hydrogen reported by D i l  l e r  (IO) 



were used as the basis f o r  developing a reduced s ta te  v iscos i ty  cor re la -  

t i o n  f o r j t h i s  substance. 

the gaseous'and l i q u i d  s tates from 15°K t o  100°K and pressures from 4.2 

t o  350 atm. I n  order t o  establ ish the temperature dependence of f, the 

v iscos i ty  o f  para-hydrogen i n  the gaseous s ta te  a t  1 atm., the isothermal 

D i l  l e r  presents experimental v iscos i t ies  for  
i 

data of  D i l l e r  were extrapolated t o  = 0 .  The intercepts represent ' P  
were found t o  be as fol lows: 

T, OK 33'  36 40 50 60 70 80 100 

tiXl 0 5 ,  tp 172 184 203 247 285 324 355 420 

These values can be expressed ana ly t i ca l  l y  i n  terns o f  reduced tempera- 

tu re  as fol lows: 

Values obtained from Equation (4) were i n  good agreement w i t h  the 1 atrn 

v iscos i ty  measurements between 20.5"K and 77.8"K reported by Coremans e t  

a1 (6). I n  t h e i r  experimental study, no spec i f i c  mention i s  made con- 

cerning the form o f  gaseous hydrogen used. 

To examine dif ferences i n  the { versus 'rK re la t ionships between nor-  

obtained from the compilat ion o f  S t i e l  
* 

mal and para-hydrogen, values o f  

and Thodos (26) f o r  normal hydrogen were used i n  conjunction w i th  values 

obtained from Equation (4) f o r  para-hydrogen t o  produce a t  the same re-  

duced temperatures a l i nea r  p l o t  o f  rp versus p. on log- log coordinates. 

This re la t ionsh ip  can be expressed as 

For normal hydrogen, the value 

was used t o  extend the 

t o  temperatures below 33°K. 

= 33.3"K was used (19). Equation (5) 

values. obtained from the work o f  D i l l e r  (10) 

c 

i 



An attempt t o  re la te  the residual v iscos i ty ,  p r  , w i t h  tR, the re- 

duced density, using the v i scos i t y  values o f  D i l l e r  (10) has'shown tha t  

ind iv idua l  re la t ionships r e s u l t  f o r  each temperature as shown i n  Figure 

5. This temperature dependence i s  contrary t o  tha t  encountered i n  the 

behavior o f  the dense gaseous and l i q u i d  states o f  such substances as 

argon (25), ni t rogen ( 3 ) ,  and carbon dioxide ( i3 ) .  

unique re la t ionships of YQXWI~ resul ted which were independent o f  

temperature. 

t o  the excessive quantum deviat ions present i n  t h i s  substance which i s  

very c losely  re la ted t o  normal hydrogen, as ind icated by Equation (5). 

For these substances 

r f  ' \R 

The anomolous behavior o f  para-hydrogen can be a t t r i b u t e d  

Figure 5 has proved useful i n  estab l ish ing the v i scos i t y  o f  para- 

hydrogen a t  the c r i t i c a l  po int .  

c r i t i c a l  isotherm t o  

182 x 10 tp 

This was accomplished by extending the 

= 1.00, and thus-establ ish ing a value o f  ( pr' IC = 
PR 

-5 which corresponds t o  a value f o r  the c r i t i c a l  v iscos i ty  o f  

= 354.5 x 10 Cl wljtch was adopted i n  the subsequent development o f  

a reduced v i scos i t y  cor re la t ion .  This value o f  the c r i t i c a l  v i scos i t y  

agrees c lose ly  w i t h  tha t  estimated by D i l  l e r  ( l o ) ,  ~$65ks)dsg1, 

-5 r. 

Since D i  1 l e r ' s  work ( 1  0) does not  i n c l  ude experimental v i scos i t i es  

f o r  the saturated vapor, the experimental v i scos i t i es  f o r  the saturated 

l i q u i d  were used t o  obtain t h i s  information. A p l o t  o f  rf versus lR f o r  

the saturated l i q u i d  s ta te  was extended t o  the o r i g i n  and t h i s  extension 

was assumed t o  describe the v i scos i t y  behavior o f  the saturated vapor. 

Th is  analysis a1 lowed the establ ishment o f  the complete saturated v i scos i t y  

envel ope. 

A l l  o f  the above informat ion was then used t o  construct  the reduced 

I n  order v i scos i t y  cor re la t ion  f o r  para-hydrogen .presented i n  Figure 6. 

t o  provide a u n i f i e d  cor re la t ion  f o r  both normal and para-hydrogen, the 



t e m p e r a t u r e  range  of  F i g u r e  6 was extended t o  & =  100. T h i s  was accom- 

p l i s h e d  by a c c e p t i n g  t h e  v i s c o s i t i e s  for gaseous n-hydrogen a t  I atm above 

3, = 3.0 r e p o r t e d  by S t i e l  and  Thodos (26). The v i s c o s i t i e s  i n  t h e  h i g h  

tempera ture  reg ion  are c o n s i s t e n t  w i t h  t h o s e  . r e p o r t e d  by V a n d e r s l i c e  et  

a1 (27) which r e s u l t e d  from inolecular beam measurements. 

drogen,  t h e  cr i r ical  c o n s t a n t s  recommended by Kobe and Lynn (19) were 

adopted and are  a s  fo l lows:  'Jf,= 33.3%, le= 12.8 atm, and  

g/cm'? For normal hydrogen, a c r i t i c a l  v i s c o s i t y  of  rz 361.5 x 10 C t  

makes t h e  

Figure 6 i n  t h e  tempera ture  i n t e r v a l  1 .0<TR<3.0. 

t h e  f i n a l  c o r r e l a t i o n  for reduced v i s c o s i t y  o f  gaseous and  l i qu id  normal 

and para-hydrogen f o r  tempera tures  up t o  

For normal hy- 

= 0.0310 

-5 
PG 

values r e p o r t e d  by S t i e l  and Thodos (26) c o n s i s t e n t  w i t h  r* 
F i g u r e  7 r e p r e s e n t s  

100 and p r e s s u r e s  up to  I&= 30.  

PREDICTION OF PRESSURE DEPENDENCE ON TRANSPORT PROPERTIES 

The e f f e c t  of p r e s s u r e  on t h e  t r a n s p o r t  p r o p e r t i e s  o f  gases  has been 

p r e d i c t e d  by Eqskog (12) and is d e s c r i b e d  by t h e  f o l f o w i n g  r e l a t i o n s h i p s :  

where t h e  q u a n t i t i e s  

t h e  r e s p e c t i v e  t r a n s p o r t  p r o p e r t y  a t  any t e m p e r a t u r e  and  p r e s s u r e  t o  t h a t  

,.%/g , and ( (b )/( f r e p r e s e n t  t h e  r a t io  o f  F P  
o f  t h e  d i l u t e  gas  a t  t h e  same t e m p e r a t u r e .  

t h a t  t h e  molulush 

s h i p :  

For  rea1 g a s e s  Evskog s u g g e s t e d  

b e  o b t a i n e d  from PVT d a t a  u s i n g  t h e  f o l l o w i n g  r e l a t i o n -  px( 



T h e . p a r a m e t e r  X a p p e a r i n g  i n  t h e  Eqskog modulus, b f ~ ,  is  a factor  for t h e  

probabi  1 i t y  of col 1 i s i o n s ,  which for r i g i d  s p h e r e s  , Bo1 tzmann (2) and 

C l a u s i u s  (4) developed  t h e  f o l  I m i n g  r e l a t i o n s h i p :  

The  

bo1; 
PVT i n f o r m a t i o n  p r e s e n t e d  i n  F igu res  1 and  2 h a s  been used to  e s t a b l i s h  

va, lues  for para-hydrogen, S i n c e  t h i s  i n f o r m a t i o n  i s  p r e s e n t e d  i n  terms 

of reduced q u a n t i t i e s ,  Equat ion  (9) was t r ans fo rmed  to  e x p r e s s  t h e  Eqskog 

modulds i n  terms of t h e s e  q u a n t i t i e s  as f o l l o w s :  

( 1 1 )  
I 

* 

For  para-hydrogen, t h e  c r i t i c a l  c o m p r e s s i b i l i t y  factor,  Zc= 0.3025, 

Reduced p r e s s u r e s  and. reduced  t empera tu res  c o r r e s p o n d i n g  to  c o n s t a n t  

reduced d e n s i t i e s  were o b t a i n e d  from e n l a r g e d  p l o t s  of F i g u r e s  1 and 2, 

These  va lues  were used  to  o b t a i n  t h e  Yh v e r s u s  1, r e l a t i o n s h i p s  p r e s e n t e d  

i n  F i g u r e  8; T h e  i s o c h o r s  of t h i s  f i g u r e  a re  n e a r l y  s t r a i g h t  l i n e s  and 

t e r m i n a t e  e i t h e r  on  t h e  vapor p r e s s u r e  c u r v e  or  e n  tt\e s o l i d - l i q u i d  l i n e .  

Each i s o c h o r  was f i t t e d  by a l e a s t - s q u a r e s  c r i t e r i o n  to a polynomial of 

t h i r d  d e g r e e  or  l e s s  and t h e  q u a n t i t y  (a!&%) 
f e r e n t i a t i o n .  T h i s  p a r t i a l  d e r i v a t i v e  was t h e n  used t o  c a l c u l a t e ,  w i t h  

Equat ion  ( l l ) ,  t h e  Evskog modulus ,b  . The r e s u l t s  of t h i s  e f f o r t  are  

hplr, p r e s e n t e d  i n  e x p r e s s e d  i n  t h e  c o r r e l a t i o n  of t h e  Eqskog modulus, 

F i g u r e  9. 

ments and  i n c l u d e s  t h e  enve lope  for t h e  s a t u r a t e d  v a p o r  a n d  1 i q u i d  states.  

The  v a l u e  of t h e  Er\skog modulus a t  t h e  c r i t i c a l  p o i n t  r e s u l t i n g  from t h i s  

was de te rmined  by d i f -  
fa 

OX 

T h i s  c o r r e l a t i o n  c o v e r s  t h e  r a n g e  o f  t h e  expe r imen ta l  PVT measure- 

computa t iona l  p rocedure  i5 (h tpflAj&. d 
. I n  ' o rde r  to  a p p l y  Equat ions  (61, (71, and (8), advan tage  i s  t aken  

of t h e  f ac t  t h a t  t h e  v a l u e  of approaches  u n i t y ,  n o t  o n l y  for r i g i d  x 



s p h e r e s ,  b u t  a l s o  for  r e a l  g a s e s ,  a s  t h e  i d e a l  gas s t a t e  is approached.  

T h e r e f o r e ,  a t  c o n s t a n t  tempera ture ,  ~p~~ = bi has t h e  1 i m i t i n g  val u e  of 

.b a s  P+b . I n  o r d e r  to  deal  w i t h  a d imens ionless  q u a n t i t y ,  t h e  rat iobi) /PR , 

has been employed t o  y i e l d  t h e  group b 
s e q u e n t l y ,  f o r  s e v e r a l  reduced t e m p e r a t u r e s ,  lRa 1 .OO, p l o t s  o f  Y&/pR v e r s u s  

as t h e  l i m i t i n g  v a l u e .  Con- 0. 

I OR p.. were prepared  and  e x t r a p o l a t e d  t o  = 0 to e s t a b l i s h  t h e  i n t e r c e p t s  b 
was found to b e  s t r o n g l y  dependent  on tempera ture ,  and  t h i s  The group h p. 

dependence can  be e x p r e s s e d  as 

The r k u l t i n g  vatues o f  h and hth i n  c o n j u n c t i o n  w i t h  t h e  PVT d a t a  enabled  

t h e  c a l c u l a t i o n  of t h e  ra t ios  b / t  , 
reduced t e m p e r a t u r e  and p r e s s u r e  from Equat ions (6), (7), and (8). 

r a t i o s  were o b t a i n e d  for t h e  gaseous and l i q u i d  s t a t e s  up to  P,= 3.0 

and ~ ~ / ( ~ ~ ~  as f u n c t i o n s  of 

These  

. and !,=3'b, i n c l u d i n g  t h e  s a t u r a t e d  envelope .  F i g u r e  10 p r e s e n t s  t h e  
k 

c o r r e l a t i o n ,  w h i l e  F i g u r e  1 1  p r e s e n t s  the+/% c o r r e l a t i o n .  For s e l f -  

d i f f u s i v i t y ,  a more convenient  form which does n o t  r e q u i r e  d e n s i t y  f o r  i t s  
P F  
use is t h e  f o l l o w i n g :  

'PB, Z P  
MY + (py 

Consequent ly ,  t h e  r a t io  ~ ~ / ( ~ ~ = Z / ~  was c o r r e l a t e d  w i t h  1, and fR t o  

g e n e r a t e  t h e  i s o t h e r m a l  r e l a t i o n s h i p s  p r e s e n t e d  i n  F i g u r e  12. The cor- 

r e l a t i o n s  p r e s e n t e d  i n  F i g u r e s  10, 1 1 ,  and 12 p e r m i t  t h e  p r e d i c t i o n  of 

p, a, and 6 for  any t e m p e r a t u r e  and p r e s s u r e  once  t h e  cor responding  t r a n s -  

p o r t  p r o p e r t y  i s  a v a i l a b l e  for t h e  d i l u t e  gaseous  state.  
' 

' The v a l i d i t y  o f  F i g u r e  10 has been checked w i t h 4 6  Vk,tS\ dab o '9 \ 
Diller (10). 

s t a t e ,  f , was o b t a i n e d  from a n  e q u a t i o n  p r e s e n t e d  by D i l l e r  (10).  Vis- 

cosities for s e v e r a l  o f  h i s  exper imenta l  c o n d i t i o n s  were c a l c u l a t e d  us ing  

For t h e s e  comparisons,  t h e  v i s c o s i t y  for t h e  d i l u t e  gaseous 



F i g u r e  10 and were compared w i t h  cor responding  exper imenta l  v a l u e s  . 
. -6 

v i s c o s i t \ /  a t  t h e  c r i t i a l  p o i n t  is p r e d i c t e d  to b e  vG= 36.6 x 10 g/cm sec 
-Q 

as compared to Diller's e s t i m a t e d  v a l u e  of g/cm sec. 

For  t h e  1 i q u i d  s t a t e ,  e x c e s s i v e  d e v i a t i o n s  were encountered  and t h e r e f o r e  

i t  is concluded t h a t  t h e  correlation of F i g u r e  IO f a i l s  to  p r e d i c t  p r o -  

p e r l y  t h e  v i s c o s i t y  i n  t h i s  r e g i o n .  The comparisons i n d i c a t e  t h a t  t h e  

a c c u r a c y  of p r e d i c t i o n  is l a r g e l y  dependent  on  d e n s i t y  and n o t  on tem- 

p e r a t u r e  and p r e s s u r e .  

l a r g e  and c o n s i s t e n t r y  n e g a t i v e .  A t  l o w  d e n s i t i e s ,  t h e  d e v i a t i o n s  tended  

The 

/ 
= (35.5k0.5) x 10 r. 

. 
e 

A t  h i g h  d e n s i t i e s ,  t h e  d e v i a t i o n s  were found to  b e  

to  i n c t e a s e  and were found t o  b e  c o n s i s t e n t l y  p o s i t i v e .  

d e n s i t y  range,  054 4 1.8 

For t h e  moderate  

t h e  a v e r a g e  a b s o l u t e  d e v i a t i o n  was 5.0%. p. 
These comparisons i n d i c a t e  t h a t  good agreement can b e  expec ted  from 

t h e  use of f i g u r e s  10, 1 1 ,  and  12 for moderate  d e n s i t i e s .  A t  h i g h e r  den-  

s i t ies ,  i n c l u d i n g  t h e  l i q u i d  s t a t e ,  Eqskog's c l a s s i c a l  a p p r o i c h  appears  - 
to  f a i l  and t h e  more comprehensive model which i n c l u d e s  quantum e f f e c t s  k 

r e q u i r e d  to a c c o u n t  p r o p e r l y  f o r  t h e  b e h a v i o r  o f  t h i s  s u b s t a n c e  i n  t h i s  

r e g i o n .  

To improve upon t h e  p r e d i c t i o n  of t h e  p r e s s u r e  dependence o f  thermal 

c o n d u c t i v i t y  as developed from t h e  Etpkog t h e o r y  (12), p r e s e n t e d  i n  F i g u r e  

1 1 ,  a novel approach has been employed which u t i l i z e s  t h e  e s t a b l i s h e d  v i s -  

cosi t y  b e h a v i o r  o b t a i n e d  from t h e  exper imenta l  measurements o f  D i  1 l e r  (1 0). 

As a p o i n t  of d e p a r t u r e ,  i t  is noted  t h a t  t h e  r a t i o ,  (k/$)/(r/p), o b -  

t a i n e d  by d i v i d i n g  Equation (7) by Equat ion (6) becomes. a f u n c t i o n  o f  h 
a l o n e .  T h e r e f o r e ,  t h e  effects of t e m p e r a t u r e  and p r e s s u r e  a r e  i n c l u d e d  

i n  t h e  parameter  h \ i  . I n  order to  render  t h e  dependence of .(%/!,*)/(r/F) 
on h l i  g e n e r a l l y  a p p l i c a b l e  t o  a l l  s u b s t a n c e s ,  i t  is n e c e s s a r y  to  nor; . 

m a l i z e  t h e s e  q u a n t i t i e s .  

R 

To do t h i s ,  t h e  reference s t a t e  has  been chosen 



to  be  t h e  c r i t i c a l  p o i n t .  Hence, a t  t h e  crit.ica1 p o i n t ,  t h e  r a t i o ,  (vx)/ 

ducing  t h e  f o l  lowing normal ized  q u a n t i t i e s  

The v a l i d i t y  o f  t h i s  development h inges  on t h e  p o s t u l a t i o n  t h a t  t h e  

r e l a t i o n s h i p  between 8 and (bP)oR g.iPs gene ra l  and a p p l i c a b i e  to  a1 1 sub-  

s t a n c e 6 .  

c o s i t y ,  and thermal c o n d u c t i v i t y  behav io r  is w e l l  e s t a b l i s h e d  f o r  t h e  dense  

For  a r e f e r e n c e  subs t ance , a rgon  was s e l e c t e d  since i t s  PVT, v i s -  

gaseous and l i q u i d  r eg ions  (21,24,25). 

i n  t h e  dense  gaseous  and l i q u i d  s t a t e s  is  p r e s e n t e d  i n  F i g u r e  13. This  

dependence was n o t  unique as i n d i c a t e d  from t h e  Ekpkog t h e o r y ,  bu t  was 

found to  be a weak f u n c t i o n  of t empera tu re .  The bpx v a l u e s  f o r  para- .  

hydrogen p r e s e n t e d  i n  F igu re  9, and t h e  v i s c o s i t i e s  o b t a i n e d  from F i g u r e  6 

p e r m i t t e d  t h e  e s t a b l i s h m e n t  o f  t h e  t e m p e r a t u r e  and p r e s s u r e  dependence o f  

The dependence o f  R upon (h px), 

t h e  q u a n t i t y  o f  ( y k y ) / ( # c / f )  f o r  para-hydrogen.  The v a l u e  

for para-hydrogen was o b t a i n e d  from F i g u r e  1 1 .  

pendence of thermal c o n d u c t i v i t y  f o r  para-hydrogen,  k/k* , i s  p r e s e n t e d  i n  

F i g u r e  14 f o r  t h e  gaseous  and l i q u i d  s t a t e s  and cove r s  t empera tu res  up to  

ZR= 3.0 and p r e s s u r e s  up t o  

# / - A * =  2.37 z = X' 
The r e s u l t i n g  p r e s s u r e  de-  

1,=3Q. 

S i n c e  t h e  d i f f e r e n c e  between t h e  thermal c o n d u c t i v i t y  o f  para-hydrogen 

and normal hydrogen i n  t h e  d i l u t e  gaseous  s ta te  is n e g l i g i b l e  ( 1 1 ) ,  . t h e  

d a t a  for  normal hydrogen from seven  sources have  been a n a l y z e d  to  y i e l d  t h e  



F i g u r e  14 and .Equation (16) o f f e r  a means f o r  e s t a b l i s h i n g  p r e l i m i -  

na ry  'thermal c o n d u c t i v i t i e s  for  para-hydrogen i n  t h e  gaseous  and l i q u i d  

states, and u n t i l  such  a time when dependabh, exper imenta l  v a l u e s  become 

a v a i l a b l e ,  t h e i r  use is recomended .  

NOMENCLATURE 

Eqskog f a c t o r  f o r  molecular  . 

a t s o l  U t e  e n t h a l p y ,  M u / I ~  
abso l  U t e  e n t h a l p y  a t  'E=o"K 
thermal conduc t iv i ty , .  d/S& LQ 'k 

x 

therrna 

therma 

therma 

mol ecu 

c o n d u c t i v i t y  o f  d i  1 u t e  g a s ,  eb\/%%tCMx 

c o n d u c t i v i t y  a t  c r i t i c a l  p o i n t ,  oj\/%$\t\lr'K 

c o n d u c t i v i t y  o f  d i l u t e  g a s  a t  c r i t i c a l  t empera tu re ,  fA!hCh x 
a r  weight  

p r e s s u r e ,  atm 

c r i t i ca l  pressure, arm 

reduced p r e s s u r e ,  ?/Ic 
vapor  p r e s s u r e , a t  t r i p l e  p o i n t ,  #\tn 

gas  c o n s t a n t  

thermal c o n d u c t i v i t y  - v i s c o s i t y  parameter ,  Equat ion (13) 

a b s o l u t e  entropy, BU/\h "4 
t empera tu re ,  *h 
normal b o i l i n g  p o i n t ,  "h 
c r i t i c a l  t empera tu re ,  x 
redvced t empera tu re ,  ?/mL 
t r i p l e  p o i n t  t empera tu re ,  O K  

mol a r v o ~  ume, UU~/ - ~ \ t  x 



c r i ti ca 1 vo 1 ume , L M ~ / \ - ~ \ .  
I 

Z ,! c o m p r e s s i b i l i t y  f a c t o r ,  h/hT 
i 

%, c r i t i c a l  compress ib i  1 i t y  f a c t o r ,  t$G/8,,c. 

Greek Letters 

sel f - d i f f u s i v i  t y ,  %$/S,T, 

s e l f - d i f f u s i v i t y  o f  d i l u t e  g a s ,  %Mz/%C 

v i s c o s i t y ,  ~ / N L  

v i s c o s i t y  o f  d i l u t e  g a s ,  #/s"t LQ 

v i s c o s i t y  a t  cr i t ical  p o i n t ,  ~.s~~ tb 

v i s c o s i t y  o f  normal hydrogen i n  ' t h e  d i  1 U t e  gaseous s t a t e ,  X/SQS tq 

v i s c o s i t y  of  para-hydrogen i n  t h e  d i l u t e  gaseous s t a t e ,  $/?I%!& 

reduced v i s c o s i t y ,  

v i s c o s i t y  o f  d i l u t e  gas  a t  c r i t i c a l  t empera tu re ,  %/3%.W 

dens i t y  , 

d e n s i t y  of d i l u t e  g a s ,  

PIP 

c r i t i c a l  dens i  t y ,  p3 
Ph reduced d e n s i t y ,  

Eqskog f a c t o r  f o r  probabi  1 i t y  o f  col 1 isions 
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Temperature, O R  

Figure 3. Enthaipy diagram for p-hydrogen 





Figure 3. Constant temperature relationships between P-Fand pR for the gaseous and liquid 
states of para-hydrogen 
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Figure 8 .  Relationships between 5 and TR for p-hydrogen at constant reduced densities, pR 





Figure \B.Correlation between p.?, 8, and T,, for phydrogen 
(calculated from Enskog theory) 
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Figure I\. Correlation between k/k*, P,, and TR for p-hydrogen 
(calculated from Enskog theory) 



Figure \&.Correlation between (PD)/(PX$ pR, and TR for p-hydrogen 
(calculated from Enskog theory) 
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